ABSTRACT The effects of Neemix 4.5 EC on predatory Coccinella septempunctata L. larvae were determined after direct spray exposure. First instars were treated by direct application with 0, 40, 100, 200, 400, 600, and 1,000 ppm and 4th instars were treated with 400, 600, 800, and 1,000 ppm azadirachtin, the active ingredient in Neemix. Survivorship and development of the larvae were affected in a dose-dependent manner. Symptoms of exposure included delay or prevention of pupation, blackening of the pupal case, formation of pupal-adult intermediates, and deformation of wings and elytra in adults. To account for the slow action of the pesticide, probit analysis of survivorship data was performed after all surviving larvae from each replicate had emerged as adults: day 16 for 1st instars and day 13 for 4th instars. The LCso values and 95% FL for 1st and 4th instars were estimated to be 1,120 (719-3,677) ppm and 520 (405-600) ppm azadirachtin, respectively. These values were much higher than the recommended rates for control of aphids (3 weekly applications of 20 ppm), suggesting that Neemix might be used in integrated pest management programs because application of rates that control aphids should not result in appreciable mortality of predators. The slopes and intercepts of the probit regression lines were significantly different, indicating that the 2 instars responded to the pesticide differently. Fourth-instar C. septempunctata were innately more sensitive to the growth disrupting effects of acute exposure to Neemix than 1st instars. Disruption of morphogenetic hormone levels is more critical immediately before metamorphosis than during early instars, thus accounting for the differential susceptibility observed. It may be possible for early instars to sustain the effects of Neemix as long as the pesticide is detoxified before the onset of pupation. Our results suggest that it is extremely important to examine> 1 life stage of a species to estimate the total effect of pesticides.
PESTICIDES DERIVED FROM the neem tree, Azadirachta indica A. Juss, have recently gained popularity as components of integrated pest management. Neem derivatives have been reported to provide broad spectrum control of >200 species of phytophagous insects (Ascher 1993 ), yet they remain less toxic to natural enemies of insect pests than to the pests themselves (Schmutterer 1990 , National Research Council 1992 , Stark et al. 1992 . The apparent harmlessness of neem pesticides to beneficial species has been attributed to their requirement for oral ingestion, lack of toxicity to adult insects, systemic activity, limited persistence, and antifeedant and repellent properties (Schmutterer 1990; Lowery and Isman 1993, 1995) .
The principle active ingredient in neem is azadirachtin, a highly oxidized Iimonoid (Jacobson 1989, Mordue and Blackwell 1993) . Azadirachtin acts on insect chemoreceptors to deter feeding and oviposition, and directly affects overall fitness through deleterious effects on mitosis, muscle and 1 To whom all correspondence should be addressed. gut physiology, and biological rhythms. Its primary mode of action, however, is through the inhibition of release of prothoracicotropic hormones and allatotropins. The blockage of these morphogenetic peptide hormones results in disruption of ecdysteroid and juvenile hormone concentrations in the hemolymph, which in turn affects molting, metamorphosis, and reproduction (Mordue and Blackwell 1993) .
Neemix, a commercial insecticide derived from the neem tree, is a candidate for use in the control of the pea aphid, Acyrthosiphon pisum (Harris), a key pest of commercial pea crops (Stark and Rangus 1994) . If neem pesticides are to work in concert with biological control of this pest, they must be nontoxic to predatory species of the Coccinellidae, because coccinellid beetles are reported to be the principle predators of aphids (Hodek 1970 , Frazer and Gilbert 1976 , Kring et al. 1985 , Rice and Wilde 1988 . Kaethner (1991) found that 2 neem insecticides prepared in his laboratory, the 1st containing 1000 ppm azadirachtin and the 2nd containing 250 ppm 0022-0493/97/1102-1105$02.0010 Table 1 . Toxicily of Neemix 10 lsl-and 4lh-inalar C. 8eplem-punctala dorsally misted with a Poller lower 600, and 1,000 ppm azadirachtin and 4th instars were treated with 400, 600, 800, and 1,000 ppm azadirachtin. Three replicates were performed for each concentration using different generations of insects. Larvae were maintained in the environmental growth chamber set at the conditions described previously and fed pea aphids ad libitum, once a day until the end of the study. Survivorship was recorded daily until adult eclosion, which was 16 d after treatment for 1st instars 13 d for 4th instars.
Data Analysis. Concentration-mortality regressions for 1st and 4th instars were estimated by probit analysis (Finney 1971) , using the SAS probit procedure (SAS Institute 1985) . To account for the slow action of the pesticide, probit analysis of survivorship data was performed after all surviving larvae from each replicate had emerged as adults: day 16 for 1st instars and day 13 for 4th instars. Control mortality was corrected using Abbott's formula (Abbott 1925) . Differences in toxicity were considered significant when 95% FL did not overlap. The slopes and intercepts of concentrationmortality regressions for each instar were compared with the POLO-PC maximum-likelihood procedures (LeOra Software 1987).
azadirachtin and 3% neem oil, caused no detrimental effects to the eggs, 2nd instars, or adults of C. septempunctata when they were exposed to dried residues on bean leaves. However, if the larvae were exposed to direct sprays, neem was toxic to C. septempunctata causing mortality and morphogenetic defects. No concentration response studies were done by Kaethner (1991) . Based on criteria developed by the International Organization of Biological Control (lOBe), Kaethner (1991) stated that neem insecticides can be considered harmless to C. septempuncata causing <30% mortality in laboratory studies (Hassan 1992) .
The toxicity of different neem insecticides can vary tremendously depending on the oil content and presence of Iimonoids other than azadirachtin (Stark and Walter 1995) . For example, neem oil greatly increased the toxicity of neem insecticides to the pea aphid (Stark and Walter 1995) . Therefore, generalizations about the toxicity of neem may be impossible to make unless all formulations are equivalent. Kaethner (1991) found that the addition of neem oil to the neem insecticides he tested, did not increase mortality in C. septempuncata, but did cause a greater percentage of morphogenetic defects to occur.
The objective of this study was to investigate the effects of direct exposure of 2 larval stages of C. septempunctata, a recently established predator of the pea aphid, to a commercial neem insecticide, Neemix. We were particularly interested in whether the commercial product we evaluated would give us results similar to those obtained by Kaethner (1991) 
Materials and Methods
Insects Tested. First-(neonates s;24 h old) and 4th-instar C. septempunctata were obtained from a colony maintained for 10 mo in a free-standing growth chamber in the University of Washington Department of Zoology (Seattle, WA). Environmental conditions were adjusted to 24 :!: 2°C with a photoperiod of 16:8 (L:D) h.
Pea aphids were reared on potted pea plants, Pisum sativum L., variety Bonita, in a free-standing environmental growth chamber maintained as described above.
Chemical. The insecticide Neemix 4.5 EC ([ emulsifiable concentrate] 4.5% azadirachtin) was provided by W. R. Grace, Columbia, MD.
Bioassay. Batches of 10 C. septempunctata larvae (1st or 4th instars) were placed in glass petri plates (10 cm diameter). The petri plates were placed in a Potter tower (Potter 1952 ) set at 100 kPa. One milliliter of distilled, deionized water (control) or insecticide solution was applied, which was equivalent to 2.2 ILlem\!. Larvae were immediately transferred with a camel's-hair brush to plastic petri plates (5 em diameter) containing live pea aphids. After an initial 10-fold bracketing experiment, 1st instars were treated with I ml of 40, 100, 200, 400,
Results and Discussion
Neemix was more toxic to 4th instars than to 1st instars at LC so (Table I) . Symptoms of exposure to Neemix in both instars were generally not evident until the onset of pupation in the controls. Death of affected organisms occurred during the larval or pupal stages, or upon adult eclosion. Morphogenetic abnormalities expressed by treated larvae were similar to those reported by Ladd et aI. (1984) , who described the harmful effects of contact exposure. to azadirachtin on phytophagous beetles. Response to the pesticide was concentration dependent. Symptoms included an extended larval stage from 1 d at the lowest concentration tested, to no pupation at all at the highest concentration. Loss of appetite, lethargy, blackening of the pupal case, formation of pupal-adult intermediates, inability to complete pupal ecdysis, and mild to gross deformation of the elytra and wings were also observed and were concentration dependent.
Our results provide additional evidence that azadirachtin does exhibit contact toxicity to predator species, although very high concentrations of Neemix were required to have an effect on the larvae. The recommended field rate for Neemix is 20 ppm JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 90, no. 5 weekly for 3 wk. No toxic effect to survival of 1st or 4th instars was observed after exposure to 20 ppm.
Previous research on the toxicity of neem pesticides to lady beetles has indicated that azadirachtin must be ingested to produce a toxic effect. Lowery and Isman (1994) found no effect on survival of Coccinella undecimpuncata L. larvae topically treated with neem seed oil at concentrations up to 1%, but when C. undecimpuncata larvae were exposed to treated foliage and allowed to feed on contaminated aphids, neem seed oil reduced adult ec1osion rates 100%. However, Kaethner (1991) found that direct exposure of larval C. septempunctata to neem sprays resulted in morphogenetic deformations and death even when their food (pea aphids) was not treated with the insecticide. Other research on phytophagous insects presents clear evidence of the contact toxicity of azadirachtin. There is evidence of a contact effect in softskinned larvae of the Colorado potato beetle, Leptinotarsa decemlineata (Say) (Steets 1976) , and the Japanese beetle, Popillia japonica Newman (Ladd et al. 1984) . Futhermore, Stark and Rangus (1994) found that topical application of the neem pesticide Margosan-O (W. R. Grace) to pea aphids produced lethal and sublethal effects similar to those seen in individuals which fed on treated plants, although the pesticide was slower acting when applied topically. Therefore, it appears that neem insecticides do possess contact toxicity, but toxicity may be greater when neem is ingested.
Estimations of concentration-mortality regressions for the 1st and 4th instars are shown in Fig. 1 . Analysis of the slopes and intercepts of the 2 regression lines indicated that the lines were significantly different (.I' = 24.1, df = 2, P < 0.05).
Regression slopes estimate the change in biological activity per unit change in concentration of chemical. Parallel lines may signify that the test organisms have qualitatively identical but quantitatively different levels of detoxification enzymes (Robert- vine 1971) . However, Neemix was more toxic to 4th instars than neonates despite their tremendous size advantage. The difference in susceptibility demonstrated by the 2 instars of C. septempunctata may be attributed to the timing of pesticide introduction during the hormonal cycles of the insects and the half-life of azadirachtin after absorption. During the larval stage of untreated insects, both ecdysone, a growth promoter, and juvenile hormone, a growth preventer, are produced. The 2 hormones are delicately balanced throughout the larval stage. During the final instar, however, juvenile hormone levels decrease, allowing ecdysone levels to surge, which subsequently instigates pupation in holometabolous insects (Rosomer and Stoffolano 1994) . Azadirachtin is known to disrupt normal concentrations of ecdysone and juvenile hormone (Jacobson 1989, Mordue and Blackwell 1993) . For example, Bidmon et al. (1987) reported that when injected into blowfly larvae, azadirachtin caused distinct alterations in larval and pupal peaks of ecdysteroids. Although ecdysteroid content in control larvae exhibited sharp, brief surges, peaks in the ecdysteroid content in treated larvae were delayed and did not decline rapidly. Disruption of morphogenetic hormone levels appear to be more critical immediately before metamorphosis than during early instars based on the results we obtained. It may be possible for early instars to sustain the effects of azadirachtin as long as the chemical is detoxified before the onset of pupation. Our results corroborate those of Kaethner (1991) . The commercial neem insecticide Neemix is much less toxic to C. septempunctata than to one of its hosts, the pea aphid, based on LC so ' However, in this study we have shown that susceptibility of C. septempunctata to the neem insecticide Neemix is stage and age specific. A bioassay carried out exclusively on 1st instar C. septempunctata would underestimate the toxic effects of Neemix to the immature forms of this predator. Toxicity studies of adults only would indicate that neem is not toxic to C. septempunctata (Kaethner 1991) . Therefore, how do we estimate the risk of pesticides that exhibit differential toxicity to different life stages and ages? Individual-level pesticide bioassays of 1 life stage are extremely useful for obtaining information on concentrations of pesticides that affect survival, reproduction, biochemistry, and behavior (Cairns 1983) . However, Stark and Wennergren (1995) warned that the total effect of a pesticide could not be estimated by testing 1 life stage when differential susceptibility among life stages was present. They suggest testing populations composed of various life stages as a means to obtain a better estimate of effect. The results presented here build on the argument presented by Stark and Wennergren (1995) . It appears that estimating toxicity of pesticides to biological controls may not be as straight forward as we think. Unless the susceptibility of various life stages is estimated, erroneous conclusions can be made. We suggest that where possible, toxicity should be estimated for 1 life stage so that better estimates of effect can be made.
